Abstract Photocatalytically active nanocrystalline titania particles were prepared using a hydrothermal process, by controlling the particle size and crystallinity. The crystalline structures and morphologies of the particles were characterized by X-ray diffraction and transmission electron microscopy. The BET method was used to determine the surface area and verify the grain size. To estimate the photocatalytic activity of the synthesized particles, a dye photodegradation experiment was carried out and the activity of the particles was compared with that of conventional titania. The results show that synthesized nanocrystalline titania particles had a higher photocatalytic activity than that of conventional titania. These findings provide a basis for the preparation of more effective and useful materials for use in AOP applications.
Introduction
The total oxidation of organic and inorganic water pollutants by means of heterogeneous photocatalysis is a subject of considerable interest. Studies to date indicate that titania is a promising photocatalyst, because it shows wide applications in photocatalysis, catalyst supports, pigments, fillers coatings, photoconductors, and dielectrics (Alatona et al., 2002; Iliev, 2002) . Nanocrystalline titania in particular, is well known as a semiconductor with high photocatalytic activities and has considerable potential for use in applications such as improved catalysis, solar energy conversion, the generation of hydrogen gas, and environmental purification (Lachheb et al., 2002; Zakeeruddin et al., 2002) .
A variety of methods have been proposed for the preparation of nanocrystalline titania particles. Among these, the sol-gel method shows great promise but this method has a number of disadvantages, in that the precursors are relatively expensive and additional processing is required to increase its photocatalytic activity (Liu et al., 2000) . The use of hydrothermal processing would be more effective (Wu et al., 2002) . Using this method, the synthesised particles show a high surface area and a high photocatalytic activity at relatively low temperatures below 300°C. However, compared with one of the most efficient commercial titania (P25, Degussa Corp.), it shows a lower photocatalytic activity. In addition, these particles also require additional processing to achieve their full photocatalytic potential.
In this paper, a novel method, using a hydrothermal method is proposed. No additional processing is needed and crystalline titania particles having a higher photocatalytic activity than conventional titania can be prepared. Experiments were carried out in order to estimate the photocatalytic efficiency of the prepared nanocrystalline titania particles. The system selected was the photocatalytic decomposition of aqueous solutions of azo dyes.
Experimental methods
Titaniumtetraisopropoxide (TTIP, Dupont) was used as the titania precursor. The white precipitate that was formed when TTIP (220 ml) was added to 400 ml of deionized water (18 MΩ-cm, Barnstead) with vigorous stirring was stirred for 1 hr. The precipitate was filtered and washed several times with deionized water. The filter cake was then dried at 80°C overnight.
The filter cake was treated with a peptizer, HNO 3 . The filter cake was added to a Teflonlined autoclave with the peptizer and deionized water. The mole ratio of [Ti] : [HNO 3 ]:[H 2 O], reaction temperature and reaction pressure were used as experimental parameters. The peptization involved heating the product at 120°C for 3 hr. After peptization, it had changed to a milky-white solution. The reaction was carried out for 12 hr at a variety of reaction temperatures in an attempt to synthesize nanoscale crystalline titania. The resulting white suspension was centrifuged at 3,000 rpm for 5 min to collect the particles. The pH of the solution was adjusted to 7.0 with 0.5 M NaOH, since the initial pH was low (pH: under 1.5). The particles were centrifuged and washed several times with deionized water to remove impurities. Finally, the particles were dispersed in ethanol to prevent particle aggregation and dried at 80°C.
The average size and size distribution of the particles were estimated by a transmission electron microscope (TEM; JEM-3000F, JEOL) analysis and the grain size was also calculated by measuring the BET surface area (ASAP 2010, Micromeritics) . Changes in the crystalline structures of the synthesized particles under a variety of operating conditions were investigated by XRD (D/Max-3C, Rigaku) analysis.
In order to estimate the photocatalytic activity of the synthesized particles, the photodegradation of an azo dye (Acid Red 44; C 10 H 7 N = NC 10 H 3 (SO 3 Na) 2 OH) was carried out using an Xe arc lamp (300 W, Oriel). A 20 ppm solution of the dye and 0.06 g of titania were mixed in a total of 150 ml of water, and the progress of the reaction was followed by UVVis analysis (HP 8453, Hewlett Packard).
Results and discussion
The mole ratio of [Ti] : [HNO 3 ]:[H 2 O] and the operating temperature were major determinants of the crystalline phase and size of the particles. The fraction of anatase and rutile in the particle varied with the reaction temperatures and mole ratio of the peptizer used. As shown in Figure 1(a) , the fraction of rutile in the particle increased with increasing operating temperatures, similar to thermal calcination. The results show that the temperature of the phase transformation, however, is much lower than that for thermal calcinations and this is one of the advantages of hydrothermal processing, i.e. a relatively low temperature is required for the phase transformation.
Another way to determine the fractions of the anatase and rutile phase is the control of the mole ratio of [Ti] figure, the fraction of rutile in the particle increased with an increase in the mole ratio of HNO 3 . An increase of the mole ratio of the peptizer results in a decrease in the solution pH and a corresponding increase in the hydrolysis rate. The concentration of the peptized octahedral phase increases with an increase in hydrolysis rate. When the concentration of the peptized octahedral phase is high, the possibility exists for the formation of more rutile crystal particles than that of anatase crystal. It should be noted that the fraction of anatase and rutile changed with peptizer concentration.
An increase in crystallinity and a decrease in particle size of titania particles are key factors in obtaining highly photoactive titania particles. Low temperature conditions are required to decrease the particle size. However, to increase crystallinity, high temperature is needed and, as a result, the conditions used for the synthesis must be optimized.
At ambient conditions, macrocrystalline rutile is thermodynamically stable relative to macrocrystalline anatase or brookite. However, thermodynamic stability is dependent on particle size. Anatase is thermodynamically stable at sizes below about 14 nm, brookite is stable for a crystal size between 14 and 35 nm, and rutile is stable at sizes over 35 nm (Zhang and Banfield, 2000) . In this study, similar results were obtained when the particle size and crystallinity were increased gradually with increasing reaction temperature up to a particle size of about 15 nm or less. Beyond this temperature, particle size increased rapidly and the crystalline phase changed from anatase to brookite and rutile. When the particle size was increased up to about 100 nm, only the rutile phase was present. Figure 2 shows a TEM image of synthesized titania particle prepared at 250°C with [Ti]: [HNO 3 ]:[H 2 O] = 1:0.5:100. As shown in Figure 2 (a), the average particle diameter was about 15 nm, and verified by BET method as to be 14.9 nm, according to the following equation (Sivakumar et al., 2002) : D = 6,000/sd, where D (nm) is the average grain size, s (m 2 g -1 ) is the specific surface area of the particles (103.3 m 2 g -1 ) and d (g cm -3 ) is the density of the particles (about 3.9 g cm -3 ). The particles have a narrow size distribution and highly ordered anatase crystallinity as shown in the lattice fringes in Figure 2(b) .
Nanocrystalline titania particles prepared under high pressure conditions showed a high degree of crystallinity and a high photocatalytic activity. In order to investigate the effect of pressure, titania particles were synthesized at 150°C and 200°C with [Ti] : [HNO 3 ]:[H 2 O] = 1:0.5:100 at a variety of pressures. As shown in Figure 3 , the crystallinity increased dramatically with increasing pressure for the reaction. In the case of titania particles synthesized at (14.7 atm) . From this result, we conclude that pressure control is very effective for increasing the photocatalytic potential of the powders. Photocatalytic activity was assayed by a dye photodegradation experiment. Two types of titania particles were selected for the photocatalytic test, sample 1 was prepared at 266°C and vapor pressure and sample 2 was prepared at 200°C and 100 atm. In addition, conventional titania particles, Degussa-P25 were used as a reference sample. Figure 4 shows the result for the photodecomposition of Acid Red 44. As shown at Figure  4 (a), Acid Red 44 was photodegraded very rapidly with increasing irradiation time. Acid Red 44 has a characteristic peak at 510 nm in the visible range. Figure 4(b) shows that the titania particles synthesized at 266°C showed a higher photocatalytic activity than that of conventional titania. The high surface area of sample 1 contributes to its high activity. The surface area of particles synthesized at 266°C was 136.2 m 2 /g and conventional titania was determined to be about 50 m 2 /g. Particles synthesized at 200°C, 100 atm showed the highest photocatalytic activity among the samples examined in this study. Although the titania particles have a surface area similar to particles synthesized at 266°C and vapor pressure, the crystallinity was much higher than that for the particles synthesized at 266°C and vapor pressure.
There are two possible ways to increase crystallinity. One is to increase the reaction tem- perature and the other is to increase the reaction pressure. However it is difficult to increase the crystallinity by increasing the temperature, because the crystalline phase changes to brookite and rutile before the crystallization is complete. Based on these results, it is desirable to synthesize the particles under high pressure to achieve their full photocatalytic potential.
Conclusions
A novel method is proposed to control particle size and crystallinity of photocatalytically active titania particles. Crystal phase transformation can be controlled by changing the reaction temperature, reaction pressure, and mole ratio of [Ti] : [HNO 3 ]:[H 2 O]. Crystallinity can be efficiently increased by increasing the reaction pressure. Based on experimental results, preparing particles under high pressure provide the best route to increase photocatalytic activity. The synthesized nanocrystalline particles showed a high photocatalytic activity for the decomposition of on azo dyes dissolved in an aqueous solution, with an activity higher than that of conventional titania. This result would provide a basis for the preparation of more effective and useful materials in AOP applications.
